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INTRODUCTION
This paper reports on a systematic study aimed at evaluating the feasibility of detecting anomalous machining damages in aerospace engine materials using eddy current techniques. Machining induced anomalies in aerospace materials present a threat to flight safety with incidents attributed to their occurrence [1], as they can limit engine life if not detected before the part is introduced into service. These anomalies are usually detected immediately by the machine operator. However, not all anomalies are visually detectable.
The present work was part of a recent study with a broader objective to identify and evaluate advanced NDE techniques which do not rely on visual inspections for detecting machining-induced material anomalies that result from finish and semi-finish manufacturing processes including turning, broaching and hole drilling. Here we focused on two classes of machining anomalies, namely Type 1 damage which refers to change in parent material (e.g. microstructure damages) continuous with the surface typically extending to depths of tens of microns, and Type 6 damage which is manifested as geometrical discontinuities caused by, for example, re-deposition of materials onto the machined surface. In this work, Type 6 damages in turned and broached Inconel 718 and Ti-6Al-4V (Ti 6-4) samples were detected by performing single-frequency EC scans using a commercial probe and instrument. The c-scan data were compared with the surface morphology of the samples imaged by laser profilometry to evaluate the detectability of Type 6 anomalies by the EC technique. In order to detect Type 1 damage, swept high frequency EC (SHFEC) measurements were carried out up to 65 MHz using proprietary detection coils and laboratory instrumentation, with the aim of measuring surface or near surface conductivity deviations [2] . Such high frequency operations are needed to achieve small enough skin depths for Inconel 718 and Ti 6-4 that have low electrical conductivities. Model-based inversion of conductivity deviation profiles from the SHFEC signals revealed a reduced conductivity in the near-surface layer, demonstrating the feasibility of detecting Type 1 damage in engine materials by the SHFEC technique.
EXPERIMENTAL PROCEDURES
Thirty five Inconel 718 and Ti 6-4 samples selected from a pool of 535 samples were used in the present study. Only turned and broached samples were used in this work. Drilled-hole samples were not studied in depth due to the geometrical constraints. For each machining process, samples with either Type 1 or Type 6 damage of various severities were prepared by aerospace OEMs. The details of sample fabrication can be found in [3] .
Single frequency EC scans were carried out on both turned coupons and broached samples using a differential probe with split-D coils operated at 2 MHz and a commercial EC instrument (Nortec NDT-19). The experimental setup is shown in Fig. 1 . The probe was mounted on a scanner stage under computer control, and was aligned in such a way that the coil gap was perpendicular to the scan direction. On the signal display of the instrument, the lift-off direction was set to the left by convention. The signal gains were set to 75 dB for both the horizontal and vertical channels. For the turned coupons, the scan sizes were either 30 mm by 15 mm, or 42 mm by 18mm with a step size of 0.1 mm. For the broached samples, the scan areas were limited to a narrow part at the center of the broached region, typically 16 mm by 1.6 mm or smaller due to the geometrical constraints. The acquired c-scan data were processed to remove the background (as a 2 nd polynomial of the probe's coordinates), and to suppress noise by cubic spline filtering. The processed cscan images were compared with surface morphology imaged by laser profilometry in order to evaluate the detectability of surface anomalies by the eddy current technique.
SHFEC measurements were carried out at the center of the turned coupons using proprietary detection coils and laboratory instrumentation [4] as shown in Fig. 1(b) . The detection coil consists of a differential pair of 14-turn, 12mm-diameter spiral coils fabricated on a print circuit broad (PCB). The coils were connected to two balancing resistors to form a bridge circuit which was driven by a network analyzer (Agilent E5061A). The bridge output was amplified using a broad-band differential amplifier (LeCroy DA1855A) to obtain the difference signal between the sensing and balancing coils. During the measurements, a pristine sample was placed onto the balancing coil while a test sample was placed on the sensing coil. For each turned coupon, three SHFEC signals were measured from 0.5 MHz to 65.5 MHz in three steps, namely on a pristine 
(1) The three-step measurements were repeated five times on each coupon to obtain the average values and standard deviations of the vertical component signals. Drilled hole and broached samples were not studied by this method due to the geometrical constraints and to the use of rigid printed circuit board coils which is currently inapplicable to surfaces with large curvatures.
SINGLE FREQUENCY EC STATISTICAL NOISE ANALYSIS
An example of the EC c-scan images obtained from a turned Inconel 718 coupon is shown in Fig. 2 . The c-scan image of the damaged surface ( Fig. 2(a) ) shows distinctive bipolar patterns at various locations that spatially correlate with the surface defects (identified by the numbers) detected by laser profilometry as surface extrusions (Fig. 2  (c) ). In contrast, the undamaged surface shows a featureless c-scan image (Fig. 2(b) ), indicating a more uniform EC signal level in the absence of surface anomalies.
The c-scan images of the Ti 6-4 coupons in general exhibit irregular patterns with significant contrast even without any detectable surface anomalies. An example is given in Fig. 3 (a) , which shows the c-scan image of the undamaged side of a Ti 6-4 coupon. The observed pattern, which was found to be repeatable by re-scanning the surface, is probably caused by grain noise due to inhomogeneity in conductivity, which is known to exist in hexagonal (α phase) Ti 6-4 [5] . The c-scan image of the damaged side of the coupon shows stronger contrast ( Fig. 3(b) ), indicating larger spatial variations in EC signals in the presence of surface anomalies. For damaged surfaces with a high density of surface defects, it becomes difficult and impractical to identify individual defects (e.g. re-deposited debris) from the c-scan image. Instead, the c-scan data were characterized quantitatively in terms of their standard deviations. The results are summarized in Fig. 4 for the turned Inconel 718 and Ti 6-4 coupons. It is evident that the damaged surfaces exhibit larger standard deviations in EC signals than the undamaged surfaces. The difference between the pristine and damages surfaces is larger for Inconel 718 than for Ti 6-4. This is attributed to the fact that the pristine Ti 6-4 coupons show larger spatial variations in EC signals than the pristine Inconel 718 coupons, due to the aforementioned presence of conductivity anisotropy in the Ti 6-4 coupons. Similar conclusions were drawn from the EC study on the broached samples. The results are summarized in Fig. 5 . In general, the c-scan images of the samples with Type 6 damage show a larger spatial variation in the signal level than those of the pristine counterparts beyond the experimental error, indicating the possibility of identifying broached samples with Type damage by statistical analysis of the c-scan data.
SWEPT HIGH FREQUENCY EC DETECTION OF TYPE 1 DAMAGE
The lift-off normalized vertical component EC signals measured from pristine Inconel 718 and Ti 6-4 coupons are shown in Fig. 6 . The vertical component signal is a measure of the difference in the near surface conductivity profiles between the test and reference surfaces. Therefore, null signals will be observed when the test and reference surfaces have identical conductivity profiles, for example in pristine surfaces with uniform conductivity. As shown in Fig. 6 , the signals measured from pristine coupons are essentially zero within the experimental errors, suggesting that the two sides of the coupons have nominally identical conductivity profiles in the absence of machining damage. In contrast, the damaged surfaces of both Inconel and Ti 6-4 coupons show negative vertical component signals throughout the frequency range ( Fig. 7) , indicating that the damaged surfaces of the coupons have lower near-surface conductivities than the undamaged sides. In order to support the interpretation of the SHFEC results, the near-surface conductivity profiles of measured the damaged surfaces were determined by model-based inversion using an analytical multi-layer EC model [6] and the following parameterized function to describe the conductivity profile σ(z) [2] ( ) ) ( / ) ( 
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The inverted conductivity deviation profiles (i.e. relative conductivity change relative to the bulk value as a function of depth) are shown in Fig. 8 for an Inconel 718 and Ti 6-4 coupons with Type 1 damage. In both cases, the inverted profiles show a surface layer with a reduced conductivity than the undamaged counterpart, demonstrating the possibility of detecting Type 1 damage using the SHFEC method. 
CONCLUSIONS
This paper presents an eddy current study aimed at detecting anomalous machining damages in aerospace engine materials including Inconel 718 and Ti 6-4. Results of singlefrequency EC study on turned coupons and broached samples indicate the possibility of detecting Type 6 damage manifested as surface discontinuities such as re-deposition of chips onto the machined surface. The damaged surfaces of both turned coupons and broached samples exhibit larger standard deviations of c-scan data than the undamaged surfaces. Type 1 damage, which refers to microstructure damages in surface layer tens of microns thick, was detected by swept high frequency EC measurements up to 65 MHz. Conductivity profiles obtained by model-based inversion of swept frequency EC signals show lower conductivities in the surface and sub-surface layers of the damaged samples, indicating the feasibility of detecting Type 1 machining damage in engine materials using the swept high frequency EC technique. 
